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Abstract

The fatigue crack growth threshold, defining crack growth as either very slow or nonexistent, has been traditionally determined
with standardized load reduction methodologies. These experimental procedures can induce load history effects that result in crack
closure. This history can affect the crack driving force, i.e. during the unloading process the crack will close first at some point
along the wake or blunt at the crack tip, reducing the effective load at the crack tip. One way to reduce the effects of load history
is to propagate a crack under constant amplitude loading. As a crack propagates under constant amplitude loading, the stress intensity
factor range AK, will increase, as will the crack growth rates/dN. A fatigue crack growth threshold test procedure is experimen-
tally validated that does not produce load history effects and can be conducted at a specified streRs Thgoauthors have
chosen to study a ductile aluminum alloy where the plastic deformations generated during testing may be of the magnitude to
impact the crack opening.
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1. Introduction maximum and minimum load applied to a cracked speci-
men such that the load ratidR (R = Kyin/Knax =
Fatigue crack growth in a material is typically quant- P,,./Pn.) remains constant. Experimental results sug-
ified by the size of the cracla, the rate at which it  gest that the constarR load reduction test procedure
propagates, adN, and the linear-elastic fracture mech- can develop crack closure levels above the steady-state
anics term,AK, the stress intensity factor range. The magnitude [10,11]. This closure is generated when initi-
relationship between crack growth rate and stress inten-ating the test at a high load, and shedding load until
sity was originally shown to be linear over two orders threshold is reached. This produces larger plastic strains
of fatigue crack growth rates on a log—log scale [1]. at the high loads early in the test than in subsequent
However, this relation is nonlinear near fracture [2], and loads near threshold. This plastic history can affect the
when the crack growth rate approaches threshold [3]. crack driving mechanisms at loR values by prema-
The fatigue crack growth threshold is the asymptotic turely unloading the crack tip due to crack face contact
value of AK at which &/dN approaches zero [4]. It has [12,13], i.e. the local opening stress at the crack tip is
been shown that cracks propagate aAla below the less than the applied load should impart.
threshold value [5-8] defined using the ASTM stan- ASTM standard E647 on fatigue crack growth rate
dardized (E647) constaRtload reduction test procedure determination also defines a constipt,, test procedure
[9]. The constanR load reduction method reduces the for threshold definition. This method imposes a constant
Kmax [14,15] while increasingK,,». The utilization of
this procedure purportedly develops a threshold that is
mspondmg author. Tel#1-757-864-3823: fax:+1-757-864- un_influenced by plasticity-in_duceq crack clqsure. There
8911. exists, however, several stipulations on this procedure
E-mail address: s.c.forth@larc.nasa.gov (S.C. Forth). that make it undesirable for generating a range of thres-
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hold values. First, the threshold determined cannot be
generated reliably at a specific R value [16]. Second, the
methodology is still reliant on load reduction procedures
to determine threshold, which can introduce load history
effects [17]. Finally, there has been evidence that the
value chosen for K. can have a significant impact on
the threshold generated and in some cases introduces
creep effects [18-20].

The fatigue crack growth thresholds generated using
“long crack” methods, such as those described above,
have been chalenged by small crack data. Long and
small cracks have been traditionally defined with respect
to the material microstructure, where a small crack is on
the order of a grain or less. The developers of small
crack data have repeatedly shown that cracks propagate
at a stress level lower than the threshold defined using
the constant R load reduction method. One method of
generating small crack data is to use a compressive
precracking scheme [21,22] to generate a fatigue crack
from a notch that has little plastic history. The original
specimen is then modified to only include the fatigue
crack; the notched material is machined away, such that
the new crack length is less than 1 mm [23]. This small
crack can then be used to evaluate the material response
with a“naturally initiated” fatigue crack. Furthermore, if
the specimen is unmodified, a “history free” long fatigue
crack can be used to investigate the effects of load his-
tory. Propagating this crack under constant amplitude
load will generate steady state fatigue crack growth rate
data [24,25].

In this paper the authors develop fatigue crack growth
threshold data for 7075-T73 aluminum using the con-
stant R and constant K., load reduction methods and
a compressive precracking, constant amplitude loading
scheme. Testing will be conducted at low and high stress
ratio levels to investigate the implications of load his-
tory. A computational study will be performed using the
principles of plasticity induced crack closure to attempt
to explain any history effects observed. Finally, the
authors will investigate the effects of small fatigue
cracks on the fatigue crack growth threshold in this
aluminum alloy.

2. Threshold testing procedures

The constant R load reduction method generates
fatigue crack growth rates into the threshold region by
reducing the applied load on the specimen in a controlled
manner such that the load ratio, R, remains constant, e.g.
the maximum and minimum load are continuously
reduced throughout the test. The constant K. load
reduction method also reduces both the maximum and
minimum load to generate threshold data, however the
value of K, is constant, i.e. R increases. The rate of
load shedding for both methods is defined by the equ-
ation

o~ (34

where C isthe normalized K gradient and is algebraically
limited to a value greater than —80/m [9]. Fig. 1 graphi-
caly depicts the constant R test procedure as a blue
short-dashed curve and the constant K, procedure as
a black long-dashed curve. In this study, two specimen
geometries were used to generate threshold data; the
compact tension specimen, C(T), and a middle through
crack specimen, M(T). For the case of a C(T) specimen,
the stress intensity factor range is defined as

AP (2 +
. M((l )03‘,)2(0 886 + 4.640—13.320 @)

+ 14.720°-5.607)

where o = a/W for a/W=0.2 [26], AP is the applied
load range, W is the width of the specimen, B is the
thickness of the specimen and a is the crack length. The
stress intensity solution for an M(T) specimen isgiven as

AK =

AP |rmo mo

AK B vV oW (3)
where a = 2a/W for 2a/W < 0.95 [27], B is the speci-
men thickness and W is the width. For this study, the
dimensions of the C(T) specimens were W = 76.2 mm,
B = 12.7 mm, and an initia notch length of 19.1 mm.
The M(T) dimensions were W= 76.2mm, B =
12.7 mm and the initial notch lengthis 12.7 mm. ASTM
standard E647 has detailed schematics of these speci-
mens. The load reduction tests were precracked at a con-
stant AK that is equivalent to the first data point in the
load reduction test. These loads were applied until the
crack length was approximately a/W of 0.3.

A constant amplitude loading scheme was
implemented to produce fatigue crack growth data with
minimal load history effects. This was accomplished by
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Fig. 1. Test methods for experimentally determining fatigue crack
growth thresholds.
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first producing a crack from a notch using a high com-
pression scheme based on the closure-free test pro-
cedures proposed by Hubbard [28]. The precracking
loads, both maximum and minimum loads in com-
pression, were applied until the crack growth rate was
less than 1072 m/cycle. Typicaly, this load produced a
K nax Of —0.06 MPam¥? and a K, of —19.9 MPa m*?,
computed using Egs. (2) and (3), and required approxi-
mately 10,000 cycles. Then, the crack was propagated
using a small tensile load, approximately K., of 0.45
MPamY? and aK,,, of 0.05 MPam¥2, to grow out of the
residual tensile stress field developed by the compressive
loading. This crack propagation typically occurred rap-
idly, within the first 1000 cycles, and Aa never exceeded
0.25 mm before crack arrest occurred (da/dN <
1072 m/cycle). Finally, constant amplitude loading
was applied to generate fatigue crack growth rate data
at a specific stress intensity rage, AK, and R value near
threshold (da/dN~10"'° m/cycle). Fig. 1 graphically
depicts the constant amplitude load procedure as a red
solid curve.

3. Crack closure

Many investigators have shown experimentally that
the stress-intensity factor threshold under 1oad-reduction
schemes can be explained by crack-closure behavior, or
a rise in crack opening level as the threshold is
approached [29-31]. A number of suggestions have been
advanced to explain the rise in the crack opening level.
Among these are the mismatch of crack-surface features
observed by Walker and Beevers[32]; the corrosion pro-
duct formation on the crack surfaces, as observed by
Paris et a. [33] and measured by Vasudevan and Suresh
[34]; and plasticity-induced crack-closure as calculated
by Newman [35]. The mismatch of crack-surface fea
tures and corrosion products on the crack surfaces can
cause the surfaces to come into contact at a higher load
than the load for a crack without mismatch or corrosion
products. The mode of crack growth near the threshold
is a combination of Mode | and Il (tensile and shear).
The mixed-mode crack growth, and permanent plastic
deformations, causes an irregular crack-surface profile
and mismatch, and, consequently, the possibility of
premature crack-surface contact. The analytical treat-
ment of crack closure due to crack-surface mismatch or
corrosion products on the crack surface is beyond the
scope of the present paper. Only the effects of residual-
plastic deformations were considered in this paper.

The calculations performed herein were made with
FASTRAN, a code capable of modeling plasticity-
induced crack-closure for a through crack in a finite-
width plate subjected to remote applied stress. The
model is based on the Dugdale strip-yield model [36]
but modified to leave plastically deformed material in

the wake of the crack. The details of the model are given
elsewhere [37] and will not be presented here. One of
the most important features of the model is the ability to
model three-dimensional constraint effects. A constraint
factor, o, is used to elevate the flow stress (o) at the
crack tip to account for the influence of stress state (o.o,)
on plastic-zone sizes and crack-surface displacements.
The flow stress o, is taken as the average between the
yield stress o,s and ultimate tensile strength o, of the
material. For plane-stress conditions, « is equal to unity
(original Dugdale model); and for smulated plane-strain
conditions, « is egua to 3. Although the strip-yield
model does not model the correct yield-zone shape for
plane-strain conditions, the model with a high constraint
factor is able to produce crack-surface displacements and
crack-opening stresses quite similar to those calculated
from three-dimensional, elastic-plastic, finite-element
analyses of crack growth and closure for finite-thickness
plates [38].

The opening stress can be used to develop an effective
stress intensity factor, AK; which has been used to gen-
erate “closure free” fatigue crack growth rate curves, i.e.
da/dN vs. AKy. This proves useful for evaluating the
effects of plasticity induced closure on various experi-
ments. The equations for computing the opening stress
are a complex function of cyclic stress, load history,
crack and specimen geometry, constraint and the element
density used for calculating the plastic zone size. Fortu-
nately, this series of equations can be simplified,
assuming a positive stress ratio and o« = 2, such that the
effective stress intensity factor range, AKy4;, can be
related to the stress intensity factor range, AK, and the
stress ratio, R, such that

AKgr = AK(0.7-1.1R2 + 0.4R%)/(1-R) )

The assumption of a constraint value of 2 has been
shown to be reasonable for 12.7 mm thick specimens
manufactured from aluminum alloys [39]. Furthermore,
solving Eq. (4) for AK can be used to predict the fatigue
crack growth behavior at a specific stress ratio. This pre-
diction can then be used to estimate a starting stress level
after compression precracking to generate threshold data.

4. Experimental data

C(T) specimens were tested utilizing a software-con-
trol system on a servo-hydraulic machine with a clip
gage to measure compliance and determine crack length.
The compliance crack length measurements were veri-
fied visually with a floating microscope. The M(T) speci-
mens were tested using a function generator on a servo-
hydraulic machine and the crack lengths were measured
visually on both front and back surfaces using floating
microscopes. All tests were conducted in lab air at a
mean temperature of 21 °C and a relative humidity of
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Fig. 2. Fatigue crack growth rate data at high R for 7075-T73 aumi-
num.

28%. The material was heat treated and annealed to the —
T73 condition and all specimens were cut to produce
data in the long-transverse grain orientation (L--). Each
specimen was used for a single experiment and fatigued
to falure, i.e. one curve was generated per specimen.
All load reduction tests were conducted at a load shed-
ding rate of —80/m.

4.1. Constant R load reduction

Constant R load reduction tests were performed at
R = 0.1and R = 0.7 using C(T) specimens. Specimens
were precracked using a constant AK consistent with the
first data point in the load reduction scheme, and yielded
an average threshold of 2.30 MPa m¥? at R = 0.1 and
1.23 MPam¥2? at R = 0.7. A constant R load increasing
test was conducted following the threshold test to gener-
ate the remaining fatigue crack growth rate curve. The
R = 0.7 and 0.1 data are presented in Figs. 2 and 3,
respectively.
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Fig. 3. Fatigue crack growth rate data a8 R= 0.1 for 7075-T73
aluminum.

4.2. Constant K, load reduction

Constant K., tests were conducted using both C(T)
and M(T) specimens in an attempt to determine the
threshold values for this material. Constant K., load
reduction tests were conducted at K, levels of 15, 2.20
and 1.65 MPamY2 A C(T) specimen was precracked at
a congtant K, of 15 MPa m¥? at R = 0.1 until a/W
was approximately 0.3. The constant K., |0ad reduction
test was then conducted yielding athreshold of 1.11 MPa
mY2 at R = 0.95. The M(T) specimens were precracked
in compression at a K, of <0.06 MPa m¥2 and a K,
of —19.9 MPa m¥2 with a notch width of 12.7 mm. The
crack propagated approximately 1.27 mm before the
crack growth rate fell below 107%° micycle. At which
time, the crack was propagated using a small tensile
load, approximately K. of 0.45 MPa m¥? and a K.,
of 0.05 MPa m¥2, to grow out of the residua tensile
stress field devel oped by the compressive loading. Speci-
mens were then tested at a constant K, of 2.20 MPa
m*¥2 to produce a threshold of 0.95 MPa m¥2 at an R of
0.57 and two specimens were tested at a constant K,
of 1.65 MPa m¥? to achieve a threshold of 1.86 MPa
mY2 at R=—0.13 and 1.65 MPam¥2 at an R of 0.00. The
data produced from the constant K, load reduction
tests is shown in Figs. 2 and 4. Once the threshold rate
was achieved (102° m/cycle), constant amplitude load-
ing was applied at the same AK and R value of the just
established threshold to generate a constant R fatigue
crack growth curve. These results are also plotted in
Fig. 4.

4.3. Constant amplitude

Using the threshold value generated with the constant
Krax = 15 MPa test, assuming the constant K., thres-
hold to represent a AKy; threshold, and solving Eqg. (4)
for AK, the threshold for R = 0.1 could be estimated to
be 1.45 MPa m¥2 and the threshold at R = 0.7 could be
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Fig. 4. Fatigue crack growth rate data constant K., followed by con-

stant amplitude loading for 7075-T73 aluminum.
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estimated to be 1.04 MPa mY2, Therefore, M(T) and
C(T) specimens were precracked using the same com-
pression scheme described above, then a constant ampli-
tude load was applied that would develop a AK vaue
near threshold for R = 0.1 and 0.7. These values were
1.45 MPa m"2 for the R = 0.1 case and 1.04 MPa mY?2
for R = 0.7. The fatigue crack growth curves generated
using this method are shown in Fig. 2 for R = 0.7 and
Fig. 3 for R= 0.1

5. Observations

It is apparent that the constant R load reduction pro-
cedure develops a threshold that is nearly twice that of
aconstant amplitude test using a C(T) specimen in 7075-
T73 aduminum (Fig. 3) at R = 0.1. The authors postulate
that thisis an artifact of the load history. Assuming that
large plastic strains exist in the crack wake imparted
from the higher initia loads, as the load reduction test
persists, remote crack closure will occur prematurely
unloading the crack tip, resulting in an artificialy high
threshold. A simulation of the constant R load reduction
test procedure, using FASTRAN, for atypical aluminum
dloy (o = 2) is shown in Fig. 5. Plotted are the loca
crack opening displacements (CODs) along the crack
surfaces for a simulated test at R = 0.1. The notch,
fatigue precracking (constant-amplitude loading at
(Sradca = 120 MPa), and load-reduction regions are as
indicated along the x-axis. The solid and dashed curves
show the results at maximum and minimum applied
stress, respectively. These results show that the crack
surfaces were not in contact at the maximum applied
stress (6.8 MPa). But at the minimum applied stress, the
crack surfaces near the start of the load-reduction pro-
cedure and over a very small region at the crack tip (
a = 59 mm) were closed. The remote closure reduces
the effective stress-intensity factor range at the crack tip,

003 Auminum alloy (c: = 2)
(Smaxca = 120 MPa
R=0.1

Load reduction
K = (K, e-0.0B Aa
002

001 | Smax = 6-8 MPa

COD (mm) 0.00 | ZmmmmmmmcezzZITIIIIIIIONE

Smin =0.68
001f ™"
| i |
-0.02 | Sawcut Constant Load Reduction
Amplitude
-0.03

0 10 20 30 40 50 60
X-axis (mm)

Fig. 5. Crack-surface displacements after load reduction under o =
2 constraint conditions.

which causes the threshold to develop at a higher stress-
intensity factor range [40].

Itisalso apparent that thereislittle difference between
the threshold value determined at R = 0.7 using the dif-
ferent approaches (Fig. 2). It has been proposed that
R = 0.7 data are near closure free since the crack is kept
open at the higher R values. Therefore, It would stand
to reason that if there is no change in threshold data
based on different specimen geometries, that the aber-
rations witnessed in the R = 0.1 data could be attribu-
tableto load history effects. Utilizing the constant ampli-
tude loading scheme, M(T) and C(T) specimens were
tested at the R = 0.1 condition to identify any geometric
effects. The variation in the fatigue crack growth rate
curve, even at threshold, isinsignificant between the dif-
ferent geometries, as can be seen in Fig. 3. Hence, the
different crack growth behavior illustrated in Fig. 3 must
be attributable to load history effects inducing closure,
as the K, levels were assumed low enough to avoid
inducing creep.

Utilizing the effective stress intensity factor, AKy:, as
defined in Eq. (4), the fatigue crack growth rate data can
be used to collapse to generate a single curve [37]. The
effective stress intensity factor curve can then be used
to predict where fatigue crack growth rate curves will
exist for specific R values. Using this approach, the con-
stant amplitude R = 0.7 data were assumed to be “clos-
ure free” for generating a da/dN vs. AK; curve and pre-
dicting where the closure corrected R = 0.1 curve would
lie. The results of this exercise are shown in Fig. 6. It is
interesting to note that the spread of fatigue crack growth
thresholds that is traditionally cited in the literature is
reflective of the constant R load reduction test method.
When comparing the constant amplitude data, which is
steady-state, this trend does not exist.

It has been argued that small cracks behave differently
than long cracks in aluminum. Based on experimental
data, small cracks propagate at stress intensity factors
much lower than corresponding long cracks. Small crack
datafor 7075-T6 in the L-T grain orientation were found
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Fig. 6. Effective stress intensity factor data for 7075-T73 aluminum.
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Fig. 7. Small crack data at threshold for 7075-T73 aluminum.

in the literature for R = —1 [41]. Using Eqg. (4), these
data were translated to R = 0.1 and plotted against the
7075-T73 data generated herein. The constant amplitude
long crack data encompass the small crack data,
implying that the short and long crack thresholds are
merely an artifact of the constant R load reduction test
procedure. These data are plotted in Fig. 7 along with
the constant R load reduction data for reference.

6. Conclusions

Investigating the impact a test procedure has on the
data being generated is important in order to understand
material response. If the test procedure aters the data
by introducing effects, such as remote closure, the test
is not adequately describing the materia behavior. In the
case of fatigue crack growth thresholds, where the thres-
hold is traditionally considered to be a safe value where
no crack growth occurs, accurate representation of the
material behavior and subsequent component fatigue life
is crucial. Using the constant R load reduction test will
generate artificially high threshold values when com-
pared to steady-state data. This level of unconservatism
will vary significantly from material to material. Since
this variability is currently unknown, computational
tools can be used to predict lower stress ratio fatigue
crack growth rate behavior, such as AKy;, until experi-
mental data can be generated. Furthermore, it is clear
that in 7075-T73 aluminum there is no “short/long crack
anomaly”. The load history effects introduced into the
long crack data has generated a database of artificialy
high thresholds that do not accurately represent the
material response of cracks growing under increasing K.
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